T cell-mediated adaptive immune response is controlled by both positive costimulation and negative coinhibition, generated mainly by the interaction between the B7 family and their receptor CD28 family. Coinhibition is exploited by prostate cancer as an immune evasion pathway. Overexpression of coinhibitory B7x and B7-H3 in prostate cancer correlates with poor disease outcome, whereas tumor-infiltrating immune cells have enhanced expression of PD-L1 and its receptor PD-1. New insights into the complex mechanisms governing B7 expression in the tumor microenvironment have been reported and therapies aimed at overcoming T cell coinhibition with antagonistic monoclonal antibodies are emerging as effective tumor immunotherapies. Therapies that block B7x and B7-H3, either as monotherapies or in synergism with traditional therapies, should be pursued.
T cell-based immunotherapy in prostate cancer
Prostate cancer is a serious public health problem. It is the most common invasive cancer among men and the second and third leading cause of cancer-related death in males in the USA and Europe [1, 2] , respectively. Standard treatment for prostate cancer includes surgery, radiation, hormonal therapy and chemotherapy in various combinations. Although treatment usually eliminates the primary tumor, it has been largely unsuccessful in controlling metastatic disease and is often accompanied by negative side effects [3] . New therapeutic strategies are therefore needed. A promising new approach in metastatic prostate cancer treatment is T cell-based immunotherapy, a varied group of treatments attempting to combat cancer by initiating or augmenting T cell responses against tumor cells.
The majority of T cell immunotherapies are vaccines derived from tumor associated antigens (TAAs) and have been designed to prime T cells to respond to TAA-expressing tumor cells. Several TAAs have been identified in prostate cancer, making prostate cancer a prime candidate for immunotherapy. Among these are prostate specific antigen (PSA) [4] , prostate-specific membrane antigen (PSMA) [5] , prostatic acid phosphatase (PAP) [6] and prostate stem cell antigen [7] . Early prostate cancer vaccines consisted of purified TAA peptides and adjuvant [8, 9] , but in an effort to increase immunogenicity, most current strategies deliver these peptides in viral vectors or plasmids, presented on dendritic cells (DCs) or as genetically modified whole tumor cells [10] .
Some prostate cancer vaccines have been in development for over a decade and are just now maturing for use in the clinic. The first and currently only Food and Drug Administration-approved vaccine is a DC-based vaccine known as sipuleucel-T (Provenge; Dendreon, Seattle, WA, USA) [11] . As DCs are professional antigen presenting cells (APCs) capable of cross-presenting TAAs to cognate T cells, several vaccines have been developed using DCs pulsed in vitro with TAA-derived peptides. In sipuleucel-T, monocytes from a patient's blood are differentiated into mature DCs, cultured with a fusion protein containing PAP and the proinflammatory cytokine granulocyte-macrophage colony-stimulating factor (GM-CSF) and then returned to the patient as PAP-presenting DCs [12] . This personalized vaccine modestly increases survival in patients with metastatic prostate cancer [11] .
Other vaccines use viral vectors encoding TAAs. The most advanced development in virus-based vaccines is PROSTVAC-VF. It consists of a vaccinia vector encoding both PSA and a triad of costimulatory molecules as well as a fowlpox vector as a booster encoding the same molecules [13] . Phase II trials have been completed for PROSTVAC-VF [14, 15] and a phase III trial is being planned [10] . In addition to viral vectors, plasmids encoding PSMA [16] , PSA [17] and most recently PAP [18] have completed phase I/II trials, demonstrating safety but modest efficacy. Another approach uses whole tumor cells to supply tumor antigens. GM-CSF-gene transduced allogenic prostate cancer immunotherapy (GVAX), a vaccine composed of prostate cancer cells engineered to express GM-CSF, showed promise in phase II trials [19] but did not successfully complete phase III trials [10] .
Although advances in tumor vaccines are encouraging, progress has been slow and clinical benefit in terms of survival and tumor regression has been limited. Despite its promise, immunotherapy shares the same challenges that prevent the immune system from eliminating cancer on its own, namely, cancer immune evasion. By the time a tumor is established, the cells have usually evolved multiple immune evasion mechanisms that allow them to escape the immune responses generated by the body as well as those employed in immunotherapy. Although many cancer vaccines are designed to bolster tumor antigen presentation, most do not address the immune evasion pathways that suppress T cell function.
T cell coinhibition as immune evasion mechanisms in prostate cancer Prostate cancer can escape immune responses via a variety of mechanisms [20] . A prime example is defective antigen presentation. Although tumor cells can theoretically present TAAs with major histocompatibility complex (MHC) class I molecules, the expression of these MHC molecules and antigen processing machinery are often downregulated, allowing tumors to hide their malignant identity from immune cells. This loss of expression has been noted in some human prostate cancer cell lines and in primary tumor tissues [21, 22] . The immunosuppressive environment surrounding prostate tumors, marked by increased levels of nitric oxide synthase and arginase [23, 24] , the anti-inflammatory cytokines interleukin-10 [25] and transforming growth factor b [26] , as well as the infiltration of suppressor cell populations such as FoxP3+ regulatory T cells (Tregs) [27] , also contributes to immune escape.
Another immunosuppressive process targets T cell activation and function directly. A prerequisite for an effective T cell response, T cell activation requires two signals: binding of the T cell receptor (TCR) by a cognate peptide presented on the MHC of an APC and a costimulatory signal, mainly generated between members of the B7 ligand family on the APC and the CD28 receptor family on the T cell. By contrast, coinhibitory signaling between these two families acts to downgrade T cell activation, resulting in T cell exhaustion, deletion or anergy/tolerance (Box 1). In the tumor environment, the balance in T cell activation and function is often skewed towards coinhibition [28] . Coinhibitory ligands, such as PD-L1/B7-H1 (programmed deathligand 1 or B7 homolog 1), B7-H3 and B7x (B7-H4 or B7S1) are frequently upregulated within the tumor microenvironment [28, 29] . Costimulatory signaling might also be decreased owing to loss of costimulatory molecules or increased competition from coinhibitory signaling [28] .
These immune evasion mechanisms appear to play a prominent role in prostate cancer immunity.
The PD-L1/PD-1 pathway in prostate cancer PD-L1/PD-1-mediated T cell coinhibition is involved in immune evasion in prostate cancer. PD-1 (programmed death 1) has two ligands, PD-L1 [30, 31] and PD-L2 (B7-DC) [32, 33] , and functions to maintain peripheral tolerance; PD-1 knockout mice suffer from spontaneous autoimmune diseases [34, 35] . This coinhibitory pathway also appears to play a role in prostate cancer. PD-1 is upregulated on immune cell clusters surrounding prostate cancer lesions but not in healthy prostate or benign hyperplastic prostate [36] . These immune cells include both CD4 and CD8 T cells which lack perforin and interferon-g (IFN-g) expression [37] , and thus appear quiescent. A high percentage of prostate tumor-infiltrating CD8 T cells, close to 90% in some patients, express PD-1 [38] . Interestingly, these CD8 T cells exhibit restricted TCR Vb gene usage [38] , indicating only a limited number of T cell clones infiltrate and/or expand in prostate cancer, a phenomenon that might be linked to PD-1 expression.
The involvement of the PD-L1/PD-1 pathway in prostate cancer immunity is further supported by reports of PD-L1 expression within prostate tumors. In healthy tissue, PD-L1 protein is limited to monocytes in peripheral blood and macrophages in the lungs, liver and tonsils [39] . By contrast, PD-L1 protein is highly expressed in some cancers and might correlate with negative clinical outcome [28] . Although PD-L1 has been reported in fewer than 1% of prostate tumor samples [40] , one study found that although prostate cancer cells were PD-L1-negative, they were surrounded by PD-1-positive and PD-L1-positive immune cells [36] . A separate study reported PD-L1 in some prostate cancer cell lines and a limited number of prostate cancer samples [41] . Expression correlated with activated phosphoinositide 3-kinase (PI3K) [41] , suggesting a relationship between PD-L1 expression in prostate tumors and the PI3K signaling pathway.
PD-L1/PD-1 signaling is now well established as a T cell coinhibitory pathway and both PD-1 and PD-L1 have been found in the prostate cancer microenvironment; it is therefore probable that these molecules play a role in downgrading antitumor immunity. Prostate cancer-infiltrating immune cells, more so than the cancer cells, express high levels of PD-L1 and PD-1, suggesting that T cell suppression might occur mainly in the context of signaling between APCs cross-presenting tumor antigens rather than through direct signaling by tumor cells. Prostate cancerinfiltrating CD8 T cells have restricted TCR Vb gene usage, indicating that only a few dominant tumor antigens are able to induce specific CD8 T cell clonal expansion, perhaps as a consequence of immune evasion, but even these cells might be incapable of mounting an effective antitumor immune response owing to their high levels of PD-1 and PD-L1. Although prostate tumors are surrounded by Tregs [36] and PD-L1 signaling can aid the development and function of induced Tregs [42] , it is currently unknown if PD-L1/PD-1 signaling is linked to Treg induction or expansion in prostate cancer. Further research will help to reveal clinical associations between PD-L1/PD-1 signaling and Box 1. The B7 and CD28 families T cell activation, proliferation, differentiation to effector function and memory generation depend on two signals; one signal is provided via the TCR through interactions with specific peptide/MHC complexes, whereas signal two is antigen-independent costimulation or coinhibition. The B7 family on APCs or other cells and their receptor CD28 family on T cells are largely responsible for generating signal two. We have divided the members of the B7 and CD28 families into three groups by phylogenetic analysis [28, 29] : group I includes the pathway of B7-1/B7-2/CD28/CTLA-4 and the pathway of B7 h (ICOS-L)/ICOS (inducible costimulator); group II consists of the pathway of PD-L1/PD-L2/PD-1; and group III contains B7-H3 and B7x, for which receptors are currently unknown. The B7-1/B7-2/CD28 and B7h/ICOS pathways are costimulatory, whereas B7-1/B7-2/CTLA-4, PD-L1/PD-L2/PD-1 and B7x are coinhibitory. B7-H3 has a contrasting role as both costimulator and coinhibitor. B7-H3 and B7x in prostate cancer B7-H3 and B7x, the most recently discovered members of the B7 family, are also key players in prostate cancer immunity. B7-H3 has low expression in many normal lymphoid and peripheral tissues but is elevated in many cancers [28, 43] . B7-H3 binds activated T cells, leading to costimulation in some cases and to coinhibition in others [43, 44] (Box 2). The function of B7-H3 in cancer is also controversial, but the majority of clinical data reveal a positive correlation with tumor progression, suggesting that coinhibitory signaling might be dominant in this context [45] [46] [47] [48] [49] (Box 2). Also highly expressed in cancer is B7x. Although B7x mRNA is present in a variety of lymphoid and nonlymphoid tissues [29, 50] , protein expression is scarce in healthy human tissue but abundant in malignancy, including cancer of the breast [51, 52] , ovary [45, 52] , lung [53] , kidney [54] , brain [55] and pancreas [56] . An unambiguously coinhibitory ligand, binding of B7x to its putative receptor on activated T cells suppresses T cell proliferation and cytokine production [29, 50, 57] and is probably exploited by cancer cells to evade T cell immune responses. B7-H3 may have a similar function in cancer, although the situation is more variable [58] [59] [60] [61] [62] [63] [64] [65] [66] (Box 2).
The presence and coinhibitory effects of B7-H3 and B7x in prostate cancer were highlighted by a large study of 823 prostate cancer patients treated with radical retropubic prostatectomy (RRP) [63] . Although B7-H3 is weakly expressed in normal prostate epithelium [40] , intensified B7-H3 and widespread B7x expression were found in prostate cancer with 93% and 99% of tumors expressing B7-H3 and B7x, respectively [63] . Strong B7-H3 and B7x staining was found in 26% and 15% of patients (Figure 1) , respectively, and seven years of patient follow-up data revealed that patients with high expression of either ligand were significantly more likely to have disease spread at the time of surgery, cancer recurrence and death from cancer [63] . In a separate study of 338 men treated with RRP, B7-H3 was found in 100% of prostate adenocarcinoma samples and the level of expression significantly correlated with pathological features [40] . A total of 19% of samples tested had high intensity B7-H3 staining, conferring a greater than fourfold risk of cancer progression after surgery [40] . The similarity in the findings of these two independent studies reinforces the significance of B7-H3 in prostate cancer. Regarding B7x, clinical observations in prostate cancer are limited to the 823 patient study, but the pathological associations of B7x in this study are consistent with clinical data from kidney cancer [54] . In both prostate and kidney cancer, B7x is abundant on tumor cells, as well as tumor vasculature in the case of kidney cancer, but is not detectable on tumor-infiltrating immune cells [54, 63] .
Box 2. B7-H3 as costimulator or coinhibitor B7-H3 binds activated T cells [43] , but the physiological role of this signaling is unclear, as both costimulatory and coinhibitory effects have been observed [44] .
Several studies in murine models of cancer suggest a costimulatory function for B7-H3. In a mastocytoma model, B7-H3-transfected P815 cells led to rapid expansion of tumor-specific CTLs, tumor regression in almost half of the mice injected, and extended survival and slower tumor growth compared to mice receiving control P815 cells [58] . Similarly, mice implanted with B7-H3-transfected colon cancer cells survived significantly longer than mice implanted with wild-type tumor cells [59] . Furthermore, intratumoral administration of B7-H3 plasmid and arsenic trioxide, but neither agent alone, achieved complete eradication of established hepatocellular tumors [60] .
In contrast to mouse tumor studies, clinical association of B7-H3 expression with human cancers varies, with the majority of studies suggesting a coinhibitory role. Although B7-H3 expression was associated with increased survival in gastric carcinoma patients [61] and one study of pancreatic cancer [62] , B7-H3 correlated with advanced pathological state and lymph node metastasis in another study of pancreatic cancer [47] , as well as reduced survival, increased cancer recurrence, adverse clinical features, and/or decreased tumor infiltrating lymphocytes in lung cancer [53] , prostate cancer [40, 63] , neuroblastoma [64] , renal cell carcinoma [48] , colorectal carcinoma [46] and ovarian cancer [45] . In addition to controversy over B7-H3 function, there is no consensus regarding the B7-H3 receptor. TREM-like transcript 2 has been reported to be a receptor for B7-H3 [65] , but another report did not detect interaction between these two molecules [66] .
[ ( ) T D $ F I G ] Figure 1 . T cell coinhibition is exploited by prostate cancer as immune evasion pathways. T cell coinhibitory B7 family members B7x and B7-H3 are overexpressed by prostate cancer cells as revealed by immunohistochemical staining. Tissue microarrays of human prostate cancer were stained with antibodies against B7-H3 (left) or B7x (right). B7-H3 and B7x bind unidentified receptors on activated T cells to downregulate TCR-mediated signaling, which might contribute to poor clinical outcome. In addition, many prostate cancer patients have soluble B7 molecules in the blood, but the mechanism of production and the function of soluble B7 are currently unknown.
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Key among the pathological features associated with both B7-H3 and B7x in prostate cancer is metastasis. Intense staining of either ligand in primary tumor correlates with extracapsular extension, seminal vesicle invasion and nonorgan-confined disease [40] ; primary tumor B7x intensity correlates with positive lymph nodes [63] and bone metastases express B7-H3 [49] , suggesting B7-H3 and B7x could be biomarkers of metastasis. B7-H3 might be a valuable prognostic marker for additional reasons. B7-H3 levels within the primary tumor and in bone metastases are largely unaffected by neoadjuvant hormonal therapy (NHT), suggesting that B7-H3 can persist even after NHT [49] . Furthermore, B7-H3 level in the primary tumor can predict the efficacy of salvage radiation therapy (SRT) after prostatectomy, as higher B7-H3 intensity correlates with biochemical recurrence (i.e. serum PSA incline) after SRT [67] . A link between B7-H3 and radiation was also found in the prostate cancer cell line 22Rv1, which secreted B7-H3-laden exosomes following irradiation-induced senescence [68] .
Taken together, these studies reveal a crucial role for B7-H3 and B7x in prostate cancer immunity with potential clinical applications. Patients with strong B7-H3 or B7x expression have a higher risk for metastasis and recurrence, and consequently are more likely to die from prostate cancer. Therefore, B7-H3 and B7x represent prognostic markers and therapeutic targets in primary and metastatic prostate cancer. B7-H3 and B7x most probably function through T cell coinhibition and the identification of their receptors will provide important new insights into how these pathways work.
Regulation of the B7 family
As B7 family expression is altered with clinical impact in many cancers, the question of how the tumor microenvironment induces these changes is a subject of much interest. There is no consensus regarding B7 regulation in prostate cancer; however, recent studies in a variety of cell lines have revealed several regulatory pathways that might be involved (Figure 2 ).
PD-L1 regulation
There is a close relationship between proinflammatory cytokine signaling and the expression of B7 family members. IFN-g can induce the expression of PD-L1 mRNA [30, 69] and protein on a variety of cell types including tumor cells [39, [70] [71] [72] . As IFN-g production by T cells is inhibited by PD-L1 signaling [30] , PD-L1 and IFN-g are connected by a regulatory feedback loop, highlighting the role of PD-L1 in dampening the immune response. This is especially relevant in cancer, where PD-L1 overexpression on tumor cells could be a mechanism of immune evasion from cytoxic T lymphocytes (CTLs) secreting IFN-g.
IFN-g can regulate PD-L1 at the level of transcription by initiating the synthesis of interferon regulatory factor-1 (IRF-1), a transcription factor that has two binding sites on the PD-L1 promoter [72] , via the JAK (Janus kinase)/ STAT (signal transducers and activators or transcription) pathway. The MyD88/MEK/ERK (MyD88/mitogen-activated protein kinase kinase/extracellular signal-regulated kinase) pathway can also result in downstream PD-L1 transcription and can be initiated both by IFN-g and Tolllike receptor (TLR) ligands [73] [74] [75] . The PD-L1 promoter also contains a binding site for nuclear factor (NF)-kB, a transcription factor involved in PD-L1 transcription in at least one cell type [70] .
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PI3K is another important pathway in PD-L1 regulation, particularly in prostate cancer [41, 73, 76, 77] . PD-L1 expression on human prostate cancer cells depends on PI3K activation, either owing to loss of tumor suppressor phosphatase and tensin homolog (PTEN) or other mutations [41] . Similarly, PD-L1 expression in glioma cells is linked to PTEN loss and active Akt, a kinase activated by PI3K [77] . In glioma as well as in trophoblasts, PI3K activation correlates with recruitment of PD-L1 transcripts to polysomes, leading to increased PD-L1 translation [76, 77] . S6 kinase 1 (S6K1), a translational regulator downstream of the PI3K/Akt/mTOR (mammalian target of rapamycin) pathway, is probably involved [77] .
Another post-transcriptional mechanism regulating PD-L1 expression involves microRNAs (miRs). miRs regulate gene expression by binding to the 3 0 -untranslated region (UTR) of target mRNAs and generally decrease translation [78, 79] . Aberrant expression of miRs is common in cancer and is associated with altered gene expression, leading to tumor initiation, growth and resistance to treatment [80] . The influence of miRs on PD-L1 expression was demonstrated in human cholangiocytes, where stimulation with IFN-g both increased PD-L1 and changed the expression of miRs, one of which, miR-513, is complementary to the PD-L1 3 0 -UTR. miR-513 repressed the translation of PD-L1, whereas IFN-g treatment decreased miR-513 and induced PD-L1 translation [70] . Thus, regulation of PD-L1 appears to result from complex interactions between environmental stimuli, intracellular signaling pathways and both transcriptional and translational control mechanisms.
B7-H3 regulation
Proinflammatory cytokines also regulate B7-H3 in a cell type-specific manner. Treatment of colon cancer cell lines with tumor necrosis factor-a did not increase the expression of membrane B7-H3 but increased B7-H3 transcription as well as the expression of soluble B7-H3 [46] . Although IFN-g induced expression of B7-H3 in DCs [81] , it did not increase B7-H3 transcription, cell surface expression or secretion in colon cancer cells [46] and decreased B7-H3 expression on bronchial and alveolar epithelial cells [71] .
Similar to PD-L1, B7-H3 can also be regulated by miRs. Normal human tissues express high levels of miR-29, but miR-29 is downregulated in human tumor cell lines and biopsies of solid tumors, including sarcomas and brain tumors [82] . In all tumor cell lines and tissues tested, expression of B7-H3 protein was inversely correlated with miR-29 levels, and direct targeting of miR-29 to the 3 0 -UTR of B7-H3 and control of B7-H3 protein expression has been confirmed [82] .
Additional B7 regulation
The regulation of B7 family members in general and in prostate cancer specifically is only beginning to be investigated. Most studies have focused on PD-L1 and are limited to specific cell types in an in vitro setting. It is therefore unclear how broadly the pathways identified apply and to what extent they are distinct or overlap, particularly with regard to transcriptional versus post-transcriptional control. B7-H3 studies are even more limited and regulatory mechanisms of B7x have yet to be reported. B7x has been observed within the cytoplasm and on the cell membrane in cancers including those of the prostate and the ovary [45, 63] . Because only cell surface proteins can interact with surrounding immune cells, B7x trafficking constitutes an additional level of regulation. As PD-L1, B7-H3 and B7x might play important roles in limiting the immune responses to prostate cancer, the regulatory pathways leading to their expression might be attractive targets for therapeutic intervention. More research in this area will provide new insights into the possibility of such an approach.
Blockade of T cell coinhibition for prostate cancer therapy Costimulation and coinhibition are critical for initiating and regulating T cell activation and function. They are altered in prostate cancer corresponding to clinical outcome [49, 63, 67] , highlighting these pathways as potential targets for therapeutic design, which is currently underway. In one approach, costimulatory signaling to T cells is boosted by incorporating B7-1 into the vaccine. The addition of B7-1-expressing vaccinia to a TAA-expressing vaccinia vaccine resulted in enhanced T cell proliferation and antitumor protection compared to the TAA-expressing vaccine alone [83] . Vaccinia vaccines have further been developed to include three costimulatory molecules, B7-1, LFA-3 (lymphocyte function-associated antigen-3) and ICAM-1 (intercellular adhesion molecule-1), namely TRICOM, the combination of which improves prostate cancer specific responses in clinical trials [14] . A second, complementary approach to enhance T cell-mediated antitumor immunity, blocking coinhibitory signaling pathways, has been the focus of much more attention (Figure 3) . Blockade of T cell coinhibition for prostate cancer therapy is currently being investigated in clinical trials.
Blockade of CTLA-4 CTLA-4 (cytoxic T lymphocyte antigen-4), the coinhibitory homolog of CD28, is upregulated on T cells in lymphoid organs following initial T cell activation and can bind B7-1 and B7-2 on APCs with a higher affinity than CD28, resulting in T cell suppression. Inhibition of CTLA-4 was therefore investigated as a way of boosting antitumor immune responses to cancer. CTLA-4 blockade in prostate cancer was first explored with a murine model of prostate cancer [84] ; treatment with anti-CTLA-4 antibody had profound effects both on the primary tumor and metastasis. Complete tumor regression was observed in 42% of the mice and most of the remaining mice displayed significantly delayed tumor growth [84] . A second study showed that CTLA-4 blockade reduced metastatic outgrowths by 50% following primary tumor resection [85] . A fully humanized monoclonal anti-
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CTLA-4 antibody, ipilimumab, was developed (BristolMyers Squibb and Medarex) and is currently undergoing clinical trials for treatment of advanced prostate cancer (www.clinicaltrials.gov). The antibody has shown some antitumor effects. In one early trial including 12 patients with various advanced malignancies, no objective responses were observed in the four prostate cancer patients enrolled [86] . In another trial, however, two of 14 patients with metastatic hormone-refractory prostate cancer experienced a 50% decline in serum PSA, a decline large enough to suggest antitumor activity [87] .
Combination of anti-CTLA-4 with other therapies increases clinical responses. A phase I trial in metastatic castration-resistant prostate cancer (mCRPC) patients combined ipilimumab with GM-CSF. Three of six patients receiving the largest dose of ipilimumab together with GM-CSF experienced >50% declines in PSA, one showed a partial response in visceral metastases and most patients had an expansion of activated circulating CD8 T cells [88] . An even higher response rate was observed in a phase I trial combining ipilimumab with GVAX. Among six patients receiving the highest dose of ipilimumab, five had PSA declines of >50%, including four who maintained declines for over a year and three who experienced tumor regression at multiple sites, including bone and abdominal lymph nodes, and pain reduction [89] . The improved antitumor responsiveness in these combination regimens highlights the importance of a synergetic approach in immunotherapy. Several trials for anti-CTLA-4 in combination with other treatments are currently underway (www.clinicaltrials. gov), including an ongoing phase III trial of 800 mCRPC patients receiving either radiation therapy alone or in combination with ipilimumab (clinical trial identifier NCT00861614) with the primary endpoint being overall survival.
The results thus far in anti-CTLA-4 therapy are encouraging; however, the testing of anti-CTLA-4 therapies is still in the early stages. The more developed vaccines PROST-VAC-VF and sipuleucel-T have benefited from extended trials, which ultimately revealed significant survival advantages in patients receiving the vaccines, even though this was not initially apparent [12, 14, 15] . For anti-CTLA-4 approaches, additional trials and time will allow more complete evaluation of the effects of this therapy, including survival, spectrum of toxicity and the profiles of patients most likely to respond. The use of anti-CTLA-4 approaches in combination therapy is also an important area of investigation. At this time, combining anti-CTLA-4 with GM-CSF or GVAX appears to be beneficial. It will be interesting to see if anti-CTLA-4 will produce synergistic effects in combination with vaccines such as PROSTVAC-VF (currently in trials [90] ) or sipuleucel-T. Although CTLA-4 blockade holds much promise for cancer therapy, the precise mechanism of action for this therapy has not been completely delineated. Blockade of CTLA-4 was developed in the hope of enhancing effector T cell responses by preventing B7-1/B7-2/CTLA-4 inhibitory signaling to T cells and eliminating competition for the costimulatory CD28 receptor [28] . Alternatively, CTLA-4 blockade might indirectly augment antitumor T cell responses by reducing Treg-mediated immunosuppression, as CTLA-4 is constitutively expressed on Tregs [88, 91] . Tregs are abundant in patients with prostate cancer [36] , within the tumor microenvironment as well as in their blood [92] . Treg numbers were therefore monitored during several CTLA-4 blockade studies, which reported a range of results, including (i) a brief Treg decline following treatment [88] ; (ii) an increase in both Tregs and activated effector CD4 T cells in a dose-dependent manner [93] ; and (iii) induced colitis despite stable intramucosal Treg level [94] . Collectively, these studies suggest that anti-CTLA-4 does not function primarily through Treg reduction; however, this does not exclude the possibility that CTLA-4 blockade interferes with Treg function. Recent studies suggest that Tregs, through the action of CTLA-4, can inhibit T cell responses by inducing the downregulation of B7-1 and B7-2 on DCs [95] . Further research is necessary to fully elucidate the mechanisms by which CTLA-4 blockade enhances antitumor T cell immunity.
Blockade of PD-1/PD-L1
A second potential target for coinhibitory blockade in prostate cancer is the PD-1/PD-L1 pathway. Although PD-1/PD-L1 blockade has not yet been studied in a prostate cancer model, blockade studies in other cancers have reported increased survival, reduced tumor growth or metastasis, increased effector T cells and/or decreased Tregs [96] [97] [98] . As PD-1 and PD-L1 are present in the prostate cancer microenvironment, prostate cancer could be a candidate for PD-1/PD-L1 pathway blockade.
Research into the effects of PD-1 and PD-L1 blockade is only just beginning. Humanized monoclonal anti-PD-1 antibodies have recently entered clinical trials, two of which have been published. One studied the safety and efficacy of CT-011 in the treatment of 17 patients with hematologic malignancies. The treatment was safe, relatively tolerated and resulted in a complete response in one nonHodgkin's lymphoma patient [99] . The other study evaluated MDX-1106 in 39 patients with treatment-refractory solid tumors and showed similar results, including safety, tolerability, one complete response and two partial responses [100] . Included in this study were several patients with mCRPC; however, no objective response was observed in these patients [100] . PD-L1 blockade testing is also underway, including an ongoing phase I trial for monoclonal anti-PD-L1 antibody MDX-1105 in patients with advanced or recurrent solid tumors (clinical trial identifier NCT00729664). It is too early to know whether PD-1/PD-L1 blockade can be effective in treatment of prostate and other cancers. However, given its safety and limited but promising antitumor effects, PD-1/ PD-L1 blockade continues to be developed and evaluated.
Blockade of B7x and B7-H3 Blockade of the CTLA-4 and PD-1 coinhibitory pathways for the treatment of prostate cancer are currently underway; however, the real jackpot in overcoming immune evasion in prostate cancer might be yet to come. B7x and B7-H3 are the most highly expressed B7 family members in prostate cancer and the most strongly correlated with clinical outcome. Blocking B7-H3 or B7x might have the advantage of lower immune-related adverse events than anti-CTLA-4 and anti-PD-1 treatments, because the loss of B7-H3 and B7x in knockout mice does not result in spontaneous autoimmunity and these mice appear to be healthy. Development of neutralizing antibodies against B7-H3 and B7x is therefore warranted.
Concluding remarks
Prostate cancer is amenable to immunological intervention, which offers hope for an effective treatment, especially in mCRPC where there are currently no curative options. Although many clinical approaches are being explored, understanding of the immunology of prostate cancer lags behind other cancers such as melanoma, producing a slow and arduous road for the development of effective immunotherapy. B7 family-mediated T cell coinhibition is an emerging immune evasion pathway in prostate cancer that probably limits the effectiveness of immunotherapies. Blocking these pathways could be an important step towards providing new therapeutic options and improving current ones. Combination therapy appears to be the key. Effective combinations might include blocking multiple immune evasion pathways, adding coinhibitory blockade to cancer vaccines or combining traditional approaches such as chemotherapy or radiation with immunotherapy. Further studies are needed to fully understand the mechanisms of T cell costimulation, coinhibition and tumor immune evasion so rational design and implementation of successful immunotherapy against prostate cancer will be possible.
